Introduction
Cu is the dominant material for interconnects in microelectronics, due to its superior properties like low electrical resistivity, high thermal conductivity and good electromigration resistance. Electrochemical deposition has become the method of choice for manufacturing functional thin Cu layers, because it provides excellent filling behaviour for small vias and trenches as required for the ongoing miniaturization of advanced microelectronic devices [1] . Electrochemical deposition of Cu has a long tradition and Cu electrodeposits have been the subject of manifold investigations of the microstructure and related properties in dependence on the deposition process (e.g. [2] ). Frequently, it has been reported that the microstructure of as-deposited Cu layers is not stable at room temperature, e.g. [3] [4] [5] . This has become of special importance since the era of Cu interconnects. This so-called self-annealing of Cu layers has a dramatic effect on the functionality and reliability of microelectronic components, but thorough understanding of the driving force(s) and the mechanisms of the microstructure evolution and quantitative modelling of the kinetics is still lacking.
In the present work, self-annealing of electrochemically deposited Cu layers at room temperature is investigated in-situ by means of X-ray diffraction analysis and simultaneous measurements of the electrical resistivity.
Experimental
Cu layers with thicknesses ranging from less than a micrometer up to a few micrometers were deposited from a commercially available acidic electrolyte (UBAC TM ER). Deposition was carried out onto Si-wafers, which prior to electrodeposition had been coated with a thin double layer of Ti and Au as a plating base. Immediately after deposition investigations of the evolving microstructure were started and continued until stabilization of the microstructure was indicated by the recorded data. X-ray diffraction (XRD) was performed repeatedly and combined with simultaneous measurements of the electrical resistivity. 
Results and discussion
The electrical resistivity measurements clearly indicate that the electrodeposited copper layers are not stable at room temperature: a considerable decrease of the electrical resistivity of, totally, about 16 % of the initial resistivity for the layers with thicknesses above one micrometer, was observed as a function of time. Figure 2 shows that the kinetics of the resistivity changes is strongly depending on the layer thickness; the thicker the Cu layers the faster self-annealing occurs. For the thickest Cu layers the electrical resistivity stabilizes already after a few days, while for the layers with thicknesses less than one micrometer no stabilization was observed even within several months after deposition [8] . Electrical resistivity measurements straightforwardly indicate whether self-annealing occurs at all as well as its time scale. However, it is not possible to relate the observed resistivity changes to particular microstructural changes, since the electrical resistivity reflects a variety of microstructural features in terms of various lattice defects. For example, grain boundaries strongly affect the resistivity, but not only the total number of grain boundaries (i.e. grain size), but also the character of grain boundaries is of importance. From fitting the measured XRD line profiles with a pseudo-Voigt function, it was observed that all diffraction lines were of pure Lorentzian type and the line widths (integral breadths, β) can be considered a direct measure of the crystallite size, D, i.e. the size of grains and subgrains. Applying the single line approach [9] 
(Θ -Bragg angle, λ -X-ray wavelength) the size of <111> and <100> oriented crystallites was calculated from the line profiles measured as a function of time after deposition (cf. figure 3) . Figure 3 shows that the as-deposited Cu layers consist of nanocrystalline grains, whose actual dimensions (in the direction of the diffraction vector) depend on grain orientation. Independent of the Cu layer thickness, the <111> oriented crystallites are with sizes of about 50 nm significantly larger than the only 15 nm sized <100> oriented crystallites. The as-deposited nanocrystalline grains grow as a function of time and the growth kinetics was found to depend strongly on the Cu layer thickness. In agreement with the results obtained from electrical resistivity measurements, the thicker the layers the faster grain growth starts. It should be noted that from the present XRD investigation grain sizes larger than say 200 nm cannot be determined; the limiting factor in this respect is the instrumental broadening of the X-ray optics. Therefore, it cannot be concluded whether a stable grain size has actually been reached and what the final stable grain size is. Nevertheless the stable grain size for the 4.8 μm thick deposit appears to be largest. This is confirmed by electron back scatter diffraction, which reveals that the average grain size after self-annealing depends on the layer thickness [10] . As observed in figures 3 and 4, the kinetics of grain growth depends furthermore on the orientation of the grains. The smaller <100> oriented grains start to grow first and after some time, dependent on the layer thickness (see above), they exceed the size of the initially larger <111> oriented grains, which at that time are still unchanged in the as-deposited state. Obviously, grains with <111> orientation do not grow before the <100> oriented grains have reached a certain size. Additional to the widths of the measured diffraction lines, also the integrated intensities provide information on the microstructure evolution at room temperature. Figure 5 shows the ratio between the integrated intensities determined for the 111 and 200 diffraction lines as a function of time. Comparison with the theoretical intensity ratio of I int -111/I int -200 = 2.35 (cf. JCPDS 85-1326), as confirmed from the texture-free standard sample, reveals that the asdeposited Cu layers exhibits a strong <111> texture, which is the stronger the thinner the Cu layer (the fibre nature of the <111> texture was confirmed by thorough texture analysis clearly indicating rotational symmetry of the measured pole figures, cf. figure 6) . As a function of time at room temperature the ratio I int -111/I int -200 first remains constant before a drastic decrease is observed (cf. Fig. 5 ), which is mainly caused by a decreasing integrated intensity of the 111 diffraction lines. This indicates that the as-deposited <111> fibre texture becomes considerably weaker with time. Quantitative texture analysis revealed that a decreasing orientation density of the <111> texture is accompanied by the development of various minor texture components, which can be identified as twin orientations of the original <111> orientation [7] . The kinetics of the change of crystallographic texture is the faster the thicker the Cu layer. For layers with a thickness of a few micrometers the texture change occurred within the first few days after deposition; in contrast, for the layers with thickness less than one micrometer the texture changed very slowly and after several months finally becomes as weak as the crystallographic texture observed after self-annealing of the thicker layers [8] . In contrast, for the 0.4 μm thick Cu layer no indications of self-annealing were observed at all within one year after deposition. As shown in table 1, even one year after deposition, the same ratio of integrated intensities was measured for this sample indicating that the strong as-deposited <111> texture remained stable for this Cu layer. For the samples where self-annealing occurred the final stable crystallographic texture appears to be almost independent of the layer thickness (cf. 
Summary and conclusions
The evolution of the microstructure in electrochemically deposited Cu layers at room temperature has been investigated in-situ with X-ray diffraction and simultaneous electrical resistivity measurements. Both experimental procedures revealed that the kinetics of selfannealing is strongly affected by the thickness of the Cu layers: self-annealing is considerably retarded for layer thicknesses less than one micrometer. While changes of the electrical resistivity represent the overall response of the layers on self-annealing, microstructural details in terms of the size and preferred orientation of grains as well as the kinetics of grain growth including its dependence on grain orientation and the kinetics of the texture development is provided by in-situ XRD. The applied experimental procedure is in particular suitable since it yields information on the real as-deposited state immediately after deposition and allows monitoring the microstructure evolution with a reasonable time resolution.
The results revealed that self-annealing occurs within a period of a few days up to several months after deposition depending on the thickness of the Cu layers. For a very thin layer no sign of self-annealing was found. For thicker layers, self-annealing appears as a function of time at room temperature in terms of a considerable growth of the as-deposited nanocrystalline grains, a drastic weakening of the as-deposited <111> fibre texture and a decrease of the electrical resistivity.
